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Introduction

CCAs, also referred to a high entropy alloys (HEAs), when they are single phase, are based on the concept of combining several elements in equi-atomic amounts to develop materials which exhibit desirable properties [1]. Furthermore, to develop materials for high temperature applications, CCAs based on refractory elements have been developed [2]. Such CCAs have also been referred to as refractory HEAs or RHEAs in the literature. Some RHEAs have been found to exhibit two phases which include B2 and BCC phases showing close resemblance to Ni-based superalloys [3][4][5][6][7][8]. Additionally, these CCAs show superior mechanical properties at elevated temperatures but exhibit poor ductility at room temperature. The poor ductility of these RHEAs has been attributed to the B2 phase therefore creating an interest for a deeper understanding of the mechanical properties of this phase. Previously, the B2 phase of low-density CCA (Al0.25NbTaTiZr) was investigated by identifying the composition of the B2 phase through atom probe tomography (APT) [5,6,9,10]. Subsequently the identified B2 composition, which was found to be 10Al-15Nb-5Ta-30Ti-40Zr (at%), was melted separately to form a new CCA. Furthermore, this new composition exhibited relatively high compressive ductility and strength at room temperature [10].

Conventional processing of refractory element based CCAs via the vacuum arc melting route is challenging owing to the high melting points of the principal alloying elements, as well as a marked difference in the melting temperatures amongst some of the constituent refractory elements [11].

Refractory alloys are known to be difficult to process given their affinity for oxygen and limited plasticity. Additionally, the slow cooling rates involved in the process give sufficient time for the elements to segregate during solidification leading to compositionally inhomogeneous ingots with dendritic microstructure [12]. Couzinié et al. [13] observed coarse Nb-and Ta-rich dendrites separated by segregated Ti, Zr, Hf-rich inter-dendritic zones in regions of the arc-melted TiZrHfNbTa that experienced slow cooling. However, no elemental segregation and dendritic microstructures were observed in the rapidly solidified zone. This type of microstructure was also found in numerous studies [14][15][16][17] where the dendrites were enriched in high melting point elements, while the inter-dendritic regions were enriched in low melting point elements, solidifying at the end. Although, chemically homogeneous ingots have been fabricated using arc melting, they are often accompanied by multiple re-melting runs making the process strenuous.

For instance, Yang et al. [12] fabricated equimolar HfMoNbTaTi RHEA by arc melting with 12 melting procedures to achieve chemical homogeneity. This makes Additive Manufacturing (AM) a more desirable processing technique given the rapid cooling rates encountered in the procedure.

Li et al. [18] observed dendrites with an average size of 4 μm in laser cladded WxNbMoTa, whereas Zhang et al. [19] found the primary and secondary dendritic arm spacings to be ~ 6.59 μm and ~ 1.68 μm on average respectively in laser powder bed fusion (LPBF) deposited NbMoTaW RHEA as opposed to the 20 μm arm spacing in the as-cast counterpart.

Additive Manufacturing is an appealing alternative as very high temperatures can be quickly reached to melt the refractories due to the laser or electron beam sources. The fabrication of complex geometries is also made easier, resulting in more design and manufacturing freedom in the fabrication of refractory element based CCAs for complex structural parts. Furthermore, the availability of several powder-feeders in some AM systems gives more control over the alloy composition [20][21][22][23]. The process, however, comes with its own set of challenges. AM is constrained by the energy absorption capacity of the powders, along with the size and shape of the particles that impact their flowability and the fraction of them being carried into the melt pool [24].

However, these issues can be minimized by optimizing laser parameters and scan strategies [25].

For instance, Dobbelstein et al. [26] developed a crack-free graded Ti25Zr50-xNbxTa25 CCA by utilizing an in-situ low laser power deposition step followed by a high laser power re-melting step. Therefore, it is of interest to utilize AM to fabricate chemically homogeneous and crack-free CCAs.

While relatively low strength refractory alloys and CCAs involving these elements, have been successfully deposited using AM techniques, fabrication of defect-free high strength refractory element based CCAs still pose a challenge. In the current study, a low density Al10Nb15Ta5Ti30Zr40 alloy was identified to be a potential candidate for LPBF processing due to its high plasticity reported in the as-cast and homogenized form [27,28]. The AM processability and evolution of microstructure of this refractory based CCA have been assessed in this study, along with the impact on its mechanical properties in contrast to the conventionally processed counterpart.

Materials and Methods

A cube of dimensions 14.28 mm x 9.58 mm x 7.14 mm with the composition Al10Nb15Ta5Ti30Zr40 was deposited using LPBF technique using a feedstock of pre-alloyed powders. Test cubes of Al10Nb15Ta5Ti30Zr40 alloy were additive manufactured using a 3D systems PROX200 (California, U.S.); LPBF system. Process parameter optimization of builds with laser power, scanning speed, hatch spacing and layer thickness of 230 W, 900 mm/s, 62 μm and 30 μm, respectively, revealed no cracks prior to removal from the build plate with successful deposition and a density of 6.448 g/cm 3 . The composition of the deposit was found to be Al11.4Nb14Ta3.5Ti34Zr37.1 (at%) based on SEM-EDS and Al11.5Nb13Ta3.5Ti31Zr41 (at%) using atom probe tomography (APT). The primary microstructural characterization of these samples was carried out using a FEG-SEM (FEI Nova NanoSEM 230). Compositional analysis was carried out using an energy dispersive spectrometer (EDS) attached to SEM (Model: Apollo X, EDAX LLC, Mahwah, New Jersey). X-Ray Diffraction was carried out using the Rigaku Ultima III XRD under CuKα radiation (1.54 Å) at 0.05°/min with a step size of 0.025°. The MDI Jade software was using to analyze the XRD data. For transmission electron microscopy (TEM) of these samples, lamellae were prepared using a dual-beam focused ion beam milling system (FEI Nova 200 Nanolab FIB/SEM). Detailed transmission electron microscopy (TEM) for these lamellae was carried out in FEI Tecnai G2 F20 ST TEM capable of operating in both scanning and transmission modes and equipped with an EDS detector (EDAX LLC, Mahwah, New Jersey). Compositional analysis of the samples was carried out using atom probe tomography (APT). The specimen tips for the same were prepared using a dual-beam FIB (FEI Nova 200 Nanolab FIB/SEM). The APT was operated in laser mode with the specimen's base temperature at 30 K, pulse rate of 200 kHz, pulse energy of 50 nJ, and a target detection rate of 5-10 ions detected every 1000 pulses. Data analysis was performed using the software package AP Suite 6.1.

Mechanical properties were estimated via quasi-static compression tests on 4.25×4.25 mm square cross-section samples with 6.8 mm height (height to width ratio ~1.6) using an MTS © servohydraulic universal testing machine (UTM). Both top and bottom surfaces of the samples were polished to a 600-grit finish prior to the tests and Teflon film (~50 µm) was used as lubrication between the sample surface and the compression platens. All the tests were conducted at a strain rate of 1×10 -3 s -1 .

Results and Discussion

The phases present in the as-built RHEA were initially investigated using XRD. The diffractogram in Fig. 1(a) shows the presence of two phases which can be consistently indexed as BCC1 and BCC2. The lattice parameters of these phases are 340.3 pm and 342.1 pm respectively. The lattice misfit calculated with respect to BCC1 is ~0.5%, which indicates the possibility of a coherent or semi-coherent interface between these phases. Fig. 1(b-c) show low and high magnification backscattered SEM micrographs respectively, with the build direction from bottom to top. While (c-f). These images illustrate that the as-deposited microstructure is far more homogenous than the as-cast counterpart. The striking difference between as-cast and as-built alloy (Fig. 2) shows the potential of LPBF techniques in obtaining chemically homogenous material thereby eliminating or reducing the cost of homogenization treatments. The very high temperatures reached during laser melting, high cooling rates and the subsequent heating and cooling cycles minimized the compositional partitioning during solidification. However, this may not be the case for all refractory alloys because sufficient thermodynamic driving force (highly negative or positive enthalpy of mixing) for partitioning may assist segregation [14][15][16][17]29]. In the current alloy, Al10Nb15Ta5Ti30Zr40, Ti and Zr (both group IV elements) which are completely miscible form the majority ~70 at.%. Nb and Ta are also miscible in Ti and Zr at high temperatures. The role of Al is difficult to assess but the current study shows that Al does not enhance partitioning tendency, albeit leads to the formation of coherent B2 ordered domains, which will be discussed later.

The compression properties of this alloy, Al10Nb15Ta5Ti30Zr40 in the as-cast and homogenized condition were reported previously [27,28]. The compressive stress-strain curve of this alloy in asbuilt condition is shown in Fig. 3(a). Both engineering and true stress-strain curves were shown in this figure for comparison. The as-deposited material exhibited a yield stress of 1390 MPa, flow stress of 1685 MPa and a plasticity of 45%. The strain hardening observed in this as-deposited Al10Nb15Ta5Ti30Zr40 is comparable to some of the best RHEAs reported so far [30,31]. Fig. 3(b) shows an Ashby plot between specific yield stress and strain in compression for RHEAs exhibiting single-phase and dual-phase microstructures. This plot reveals that our Al10Nb15Ta5Ti30Zr40 alloy in as-built condition stands out amongst many RHEAs reported in literature [32][33][34]. While the as-cast and homogenized Al10Nb15Ta5Ti30Zr40 alloy did not fail during compression testing up to 60% plastic strain, the yield stress was only ~1000 MPa. In comparison, the LPBF as-built RHEA exhibited a substantially higher yield stress with slightly less plasticity. The reasons for the superior properties of as-built Al10Nb15Ta5Ti30Zr40 were investigated employing high magnification EBSD, TEM and APT. The IPF map is shown in Fig. 4(a) and the grain boundary map is shown in Fig. 4(b). The formation of sub-grains and many low angle boundaries (1 to 15 o misorientation) or LABs can be observed from these figures. Further, one of the grains in Fig. 4(a) is highlighted in Figs. 4(c-d) which show fine-scale sub-grains and a network of LABs within them. Such a fine and complex grain boundary structure is expected to have significantly contributed to the yield stress, especially since the Hall-Petch coefficient or grain boundary strengthening coefficient 'K' has been reported to be quite high in case of HEAs [35]. In addition to grain boundary strengthening, Al10Nb15Ta5Ti30Zr40 alloy in its as-built condition is also strengthened by a mixture of ordered and disordered phases at nanoscale, as revealed by TEM and APT. Fig. 5(a) shows the selected area electron diffraction pattern (SAEDP) recorded near

[001] BCC zone axis. This diffraction pattern shows that in addition to the disordered BCC reflections (fundamental), superlattice reflections at {001} positions indicative of B2 ordering are present in the microstructure. A dark-field micrograph recorded from one of the {001} reflections revealed a speckle contrast suggesting a nanoscale mixture of BCC and B2 phases as reported previously [36]. The presence of both ordered B2 and disordered BCC phases is further substantiated by the HR-TEM image in Fig. 5(c). The interface between BCC and B2 phases in this micrograph is outlined by a red dashed line and indicates a continuous fully coherent BCC lattice between the disordered and ordered phases. The bright field image recorded near [011] BCC zone axis in Fig. 5(d) revealed a significant dislocation density in the as-deposited material. This is presumably due to the heating-cooling cycles during deposition and the thermal contraction stresses during cooling. The compositional partitioning between BCC and B2 phases was further investigated using APT and the results are shown in Figs. 5(e-g). Although the TEM results conclusively established the presence of BCC and B2 phases, the raw Al ion map in Fig. 5(e) did not reveal any obvious chemical partitioning. However, the compositional partitioning tendencies have further been examined using radial distribution functions [37]. Fig. 5(f) shows that if we choose Al, Ti, or Zr as the center atoms, the distribution of concentration of Al, Ti, and Zr is higher than Nb and Ta within a radius of ~2 nm. This strongly indicates a tendency for the clustering between Al, Ti, and Zr atoms, as well as between Nb and Ta atoms. Based on this evidence of non-random distribution of elements, cluster analysis [38,39] was performed to reveal the details of Al, Ti, Zr-rich clusters. The resultant Al-Ti-Zr rich clusters are shown in Fig. 5(g). It was found that these clusters on average contain 13.8% Al, 34.9% Ti, and 44.6% Zr (at.%) as opposed to 10% Al, 30% Ti, and 40% Zr in the bulk. Further, the volume fraction of Al-Ti-Zr rich clusters was found to be 3.5% with an average cluster radius of 1.25 nm.

Based on their composition, it can be concluded that these Al-Ti-Zr rich clusters correspond to the ordered B2 regions in the microstructure, while the surrounding Nb-Ta rich regions correspond to the BCC phase. Furthermore, it should be noted that the two different BCC phases BCC1 and BCC2 observed in the XRD patterns, correspond to the ordered B2 and disordered BCC phases in this microstructure.

The strength-plasticity combination of the as-built RHEA under compression was found to be superior to many RHEAs reported in the literature including the same Al10Nb15Ta5Ti30Zr40 alloy in as-cast and homogenized condition (refer to Fig. 3(b)). Detailed microstructural characterization (Figs. 45) using EBSD, TEM, and APT revealed that the high strength is primarily due to three contributions, (1) Hall-Petch or grain boundary strengthening including LABs (2) Precipitation strengthening from ordered B2 domains and (3) Strengthening from dislocation density. As a result, the Al10Nb15Ta5Ti30Zr40 alloy exhibited a yield stress ~1400 MPa at room temperature. The as-built alloy exhibited significant strain hardening possibly arising from the ordered B2 domains inhibiting dislocation motion.

Conclusions

A low density refractory high entropy alloy, consisting of a two-phase mixture consisting of nanoscale ordered B2 and disordered BCC phases, was successfully printed using the laser powder bed fusion technique. The as-built alloy exhibited excellent chemical homogeneity, much better as compared to the cast ingot. This homogeneity is attributed to the very high temperatures experienced during laser melting and the high cooling rates. More importantly, the constituents of the alloy and their concentrations favor the formation of solid solution at high temperatures due to their solid-state miscibility. The compressive yield strength of the as-printed alloy at room temperature was found to be ~1400 MPa with a plasticity greater 45% (did not fail). Such a high yield strength coupled with the low density of this alloy, makes it superior compared to many other RHEAs including conventionally processed, cast and homogenized Al10Nb15Ta5Ti30Zr40.

The main factors contributing to the yield strength were found to be (1) grain and sub-grain boundaries, (2) B2 precipitation, and (3) dislocation density.

Fig. 1 (

 1 Fig. 1(b) shows the fine grain size and many semi-circular melt pool boundaries, some level of compositional partitioning can be discerned in Fig. 1(c) along the melt pool boundaries. The crystallographic and the compositional homogeneity were further investigated using EBSD and EDS. Fig. 1(d) shows the inverse pole figure (IPF) map from the as-built sample. The grain average diameter determined from grain area-based calculations is ~98 μm. Fig. 1(e) showing the [001], [011], and [111] BCC pole figure plots, indicates a random texture along the build direction.

Figure 1 :

 1 Figure 1: (a) X-ray diffraction pattern of as-built Al10Nb15Ta5Ti30Zr40 showing two BCC based phases. Backscattered SEM images at (b) low magnification showing overall microstructure and (c) at high magnification showing compositional partitioning near melt-pool boundaries. (d) Inverse Pole Figure (IPF) and (e) texture plots showing random texture.

Figure 2 :

 2 Figure 2: (a) SEM backscattered image of the as-built Al10Nb15Ta5Ti30Zr40. (b-c) Compositional mapping of (b) Al, and (c) Zr in the as-built condition. (d) SEM backscattered image of the as-cast (AC) Al10Nb15Ta5Ti30Zr40. (e-f) Compositional mapping of (e) Al, and (f) Zr in the AC condition.

Figure 3 :

 3 Figure 3: (a) Compressive engineering and true stress-strain plots for as-built RHEA (b) Comparison of specific yield strength vs strain (%) values for various RHEAs.

Fig. 4

 4 Fig.4shows the high magnification EBSD results from the as-built Al10Nb15Ta5Ti30Zr40 sample.

Figure 4 :

 4 Figure 4: (a) Inverse Pole Figure (IPF), and (b) grain boundary map obtained from EBSD. (c) High magnification IPF, and (d) grain boundary map of one of the grains in (a) highlighting numerous low angle grain boundaries (LABs) within the grain.

Figure 5 :

 5 Figure 5: (a) TEM diffraction pattern near [001] BCC zone axis showing superlattice reflections indicative of B2 phase. (b) Dark field image from a {001} super-lattice diffraction spot highlighting B2 domains. (c) HR-TEM image showing a BCC/B2 interface. (d) Bright field image showing dislocation density in as-built condition. (e) APT reconstruction of Al ion map, (f) radial distribution function plot about Al center atom, and (g) Al-Ti-Zr rich clusters in a 30 x 30 x 40 nm 3 obtained from cluster analysis.
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